Abstract Fish stocks around the world are heavily overexploited in spite of fishing policies in several parts of the world designed to limit overfishing. Recent studies have found that the complexity of ecological systems and the diversity of species, as well as negative impact of fishing activities on environmental carrying capacity of fish stocks-all contribute to the problem. A number of biologists, managers, and practitioners strongly support the use of marine reserves as a management strategy for marine conservation. This paper contributes to this line of research by seeking an optimum reserve size and fishing effort for situations where species diversity decrease at fishing grounds and fishing activities impact carrying capacity. We found that a reserve size which maximizes economic rents could ruin a fish stock if fishing impacts are not accounted for. On the other hand, the reserve serves as a bifurcation term which could improve the resilience of a marine ecosystem.
2003; Sumaila and Cheung 2009) . This phenomenon has also been acknowledged in a Food and Agriculture Organization (FAO) publication, which notes that 69 % of the world's marine stocks are either fully to heavily exploited, overexploited, or depleted (Lauck et al. 1998) . It is estimated that between the mid-1970s and 2005, more than 75 % of the world's fisheries were underperforming or were subject to economic overfishing (FAO 2006) . In a bid to control the over-fishing problem, countries have advanced policies including moratoriums and restrictions on fishing methods (Sterner 2007; NOAA Fisheries 2007) . Unfortunately, in spite of seemingly good policies, some fisheries such as the North Sea cod have collapsed (European Environmental Agency 2003; Sterner 2007) . A number of emerging studies have attributed the unanticipated overexploitation and collapse to inadequate accounting for species diversity (Sterner 2007; Akpalu 2009; Akpalu and Bitew 2011) and fishing impact on habitats and production of planktons (Armstrong 2007; Armstrong and Falk-Petersen 2008; Akpalu and Bitew 2011) . As noted by Arnason et al. (2009) , the uncertain dynamics of marine ecosystems could result in the failure of certain stocks, such as Canadian cod stocks, to readily rebuild, despite a reduction in fishing effort.
In recent years, there has been a strong campaign by biologists, economists, managers, and practitioners for the use of marine reserves as a management strategy for marine conservation (Man et al. 1995; Allison et al. 1998; Boersma and Parrish 1999; Pezzey et al. 2000; Sanchirico and Wilen 2001; Armstrong and Skonhoft 2006) . This involves protection of critical areas from some or all human activities (Bergen and Carr 2003) , in order to conserve species and communities (Allison et al. 1998) . Some economists and fishery managers believe reserves are less effective or beneficial than other traditional tools, especially if populations are not overexploited (Holland and Brazee 1996; Bergen and Carr 2003) . However, scientists present the contrary argument that reserves generate ecosystem benefits within and outside their boundaries (see e.g., Gell and Roberts 2003) and improve the resilience of ecosystems (see e.g., Apostolaki et al. 2002; Grafton et al. 2009 ). Worm et al. (2006) noted that large proportions of overfished stocks impact biodiversity and alter ecosystem functioning. An important question which has not been addressed adequately in the bio-economics literature is whether reserves could guarantee resilient ecosystems if fishing alters species diversity, and the fishing impact on habitat is accounted for in calculating catch potentials. This paper seeks to address these important questions.
The current study highlights the use of a marine reserve as a management tool for dampening the negative effect of fishing on carrying capacity, when species are biologically diverse. 1 To the best of our knowledge this is the first paper that seeks an optimum marine reserve size which simultaneously addresses the issue of species diversity and fishing impact on carrying capacity. Like Akpalu (2009) and Akpalu and Bitew (2011) , this paper employs a bioeconomic model that incorporates species diversity. In addition, similar to Akpalu and Bitew (2011) , the study accounts for fishing externality on habitat or environmental carrying capacity in fisheries management.
We found that (1) if the reserve-size is large enough and surpasses a certain threshold, the fisheries ecosystem is resilient and the stock may not collapse even if an effort-limiting policy does not account for the negative impacts of fishing activities. Conversely, if the reserve is below the threshold, the fishery could collapse if the negative fishing impact is not accounted for; (2) if fishing impacts habitat, all else equal, the equilibrium reserve size and fishing effort that maximize economic surplus have to be set lower than otherwise; (3) if species diversity is decreasing in the fishing area, all other things being equal, the equilibrium reserve size must increase, but equilibrium fishing effort must be reduced in order to maximize economic surplus; and (4) if future benefits and costs are discounted at a positive rate, 1 through 3 applies but in each case the equilibrium effort and reserve size are set lower than in a zero discount or static scenario.
The remainder of the paper is organized as follows: Section 2 introduces the model. Sect. 3 presents the static model and presents numerical results. Section 4 contains the dynamic version of the model. The final section concludes the paper.
The theoretical model
In the following sections (i.e., Sects. 3, 4) static and dynamic models are presented and conditions for optimal reserve sizes and fishing effort have been derived. For each case, three scenarios are discussed: a basic situation where the impact of fishing on the environmental carrying capacity of the stock and phenotypic diversity of the stock are ignored; a second situation where fishing impact on environmental carrying capacity is considered but its effect on phenotypic diversity is not accounted for; and the third scenario where both effects are considered. As noted by Armstrong and Skonhoft (2006) , ecological conditions outside a reserve naturally differ from those within the reserve, due to fishing pressure. For example, fishing gears could plane off structures and upset the nutrient content and organisms in sediments if the ocean bottom is soft (Akpalu and Bitew 2011) . In addition, fishing equipment may damage corals, boulders, and other bottom-dwelling organisms, thereby reducing the plankton production capacity of the ecosystem. For each of these scenarios, the analytical model assumes that a reserve creation does not affect the intrinsic growth rate of the stock. We begin with the static model followed by the dynamic analysis.
Optimum reserve size in a timeless (static) framework
As a first step, consider an analytical model that assumes a marine reserve area has the same ecological condition as the fishing area (see e.g., Levin 1974 Levin , 1976 Hastings 1982 Hastings , 1983 Holt 1985; Sanchirico and Wilen 1998) . Following Sanchirico and Wilen (1998) , if we assume a sink-source relationship between a fishing area and a reserve area where fish flow from the reserve to the fishing area, the equations of motion defining the stock of fish outside and within a marine reserve are given by 2 2 An alternative specification of the link between the reserve and the fishing area is to assume a densitydependent dispersion or diffusion model (see, e.g., Hannesson 1998; Kramer and Chapman 1999; Neubert 2003; Reithe 2006) . Under sink-source flows, the level of dispersal is dependent on the size of the protected area but not the relative densities of the reserve and the fishing area. As a result, if a sink-source is assumed, a minimum size of a protected area is necessary to guarantee that benefits of having a reserve offset the effects of reduced fishing area. We surmise a sink-source relationship for convenience and also because human predation within the fishing area lowers the density in the source and makes the net flow unidirectional (from the source to the sink).
where m ∈ (0, 1) is the proportion of the carrying capacity that is set aside as a reserve, 3 x = X K and y = Y K are the stocks of fish in the fishing and reserve areas (i.e., X and Y respectively) scaled down by the total environmental carrying capacity (K ); h = H K is harvest; dot(·) is time derivative; d is dispersion rate; and d y m is the biomass of fish that flows from the reserve to the fishing ground. Like Sanchirico and Wilen (2001) and Conrad (1999) , we have assumed symmetric density-dependent stocks. Suppose the growth functions in the fishing and reserve area, f and g, are logistic (i.e., f (y, m) = r y 1 − y m , and g(x, 1 − m) = r x 1 − x 1−m , where r is the intrinsic growth rate) and the harvest function is of the Schaefer-type (i.e., h = σ E x, where E is fishing effort and σ is catchability coefficient, a measure of gear effectiveness).
In steady stateẏ =ẋ = 0 implying, from Eq. (2), y = m 1 − d(mr) −1 . In addition, from Eq. (1), we have 4 :
The corresponding yield is
Recall that the instantaneous profit function isπ (E, m) = pσ E x − cE, and E, m) . Substituting the yield into the instantaneous profit function gives
Figure 1, which is sketched using Mathematica 6.0, presents the plot of the first and second terms on the right hand side of the profit function. The thick and broken concave functions are the revenue function for relatively low and high values of the reserve size, which were arbitrarily chosen. The straight upward sloping line is the cost function. Any vertical gap between the concave and the straight line curves measure the instantaneous profit. Consequently, the largest gap between the two functions determines the level of effort that maximizes profit. From the two concave functions, an increase in the reserve size must be accompanied by lowering the optimum effort level in order to obtain maximum economic surplus from the fishery (i.e., E 1 > E 2 ). It is noteworthy that the reserve size cannot be chosen arbitrarily but optimally, and derived from Eq. (5).
The first order condition of Eq. (5) with respect to E and m are as follows:
Equation (6) stipulates that, in equilibrium, the value of the marginal productivity of effort (i.e., pZ * E (E, m)) must equal the marginal cost of effort (i.e., c). According to Eq. (7), in order to maximize economic surplus from the fishery, the social planner must set the reserve size to a level that equates the marginal net benefit from the chosen reserve size to zero. We assume the optimum reserve size lies between zero and one, which eliminates the possibility of zero or infinite yield as per Eq. (4). 5
Fishing negatively impacts carrying capacity
To extend the model a step further, let fishing negatively impact carrying capacity, but its impact on phenotypic diversity be ignored. As noted earlier, fishing pressure could impact the nutrient content and organisms in sediments as well as reduce the plankton production capacity of the ecosystem. For ease of exposition, we assume that the impact increases linearly with fishing effort; i.e., εE, where ε ∈ (0, 1) is a constant. A restriction is imposed on the constant, to ensure that (1 − m − εE) > 0. 6 The stock evolution within the fishing area is re-specified aṡ
If the negative externality does not extend to the reserve area, following the routine prior calculations, the corresponding steady state stock level similar to Eq. (3) is
The profit function corresponding to Eq. (5) is
where
is the yield function. Figure 2 compares the plots of the preceding situation (where fishing does not impact carrying capacity and phenotypic diversity; i.e., pZ * (E, m)) to a situation where fishing impacts only carrying capacity (i.e., pZ * * (E, m)). The broken concave functions represent the latter case. Due to the fact that fishing negatively impact the carrying capacity, the results show that, for any given m, the optimum effort must be lower. In addition, in each of the two cases, higher values of m result in lower equilibrium effort, indicating that all else equal, lower levels of fishing effort must be encouraged if a relatively larger area is devoted to a reserve. Fig. 2 Determination of optimal fishing effort (E) if fishing impacts carrying-capacity but its impact on phenotypic diversity is ignored. Note that m 2 > m 1 3.2 Fishing negatively impacts carrying capacity and phenotypic diversity Empirical studies have found that marine reserves significantly improve species diversity (see e.g., Halpern 2003; Russ and Alcala 2011) . Conversely, overfishing can have detrimental effects on marine biodiversity and the structure of marine ecosystems (Russ and Alcala 2011) . To align our model with realism, consider a situation where in equilibrium there is no significant gain in diversity within the marine reserve, but fishing alters the diversity within the fishing area. To account for the biodiversity, following Norberg et al. (2001) , Akpalu (2009) , and Akpalu and Bitew (2011) , let the per capita growth function of the stock within the fishing area be re-specified as
, where s is average phenotype and α (≥ 0) is a constant. For tractability, we set α = 0 in the reserve area where diversity is at its peak. Furthermore, suppose v denote phenotypic variance, which represents the spread of individual species phenotypes around the mean, hence a measure of diversity (Akpalu 2009) . Thus, since the extra term α s in the growth function is non-negative, the stock buildup within the fishing area is slower if diversity is accounted for. Following Akpalu and Bitew (2011) , the equation of motion is specified as:
where f ss (x, E, m, s) is the second order partial derivative of the per capita instantaneous growth rate with respect to s. Note that f ss (x, E, m, s) < 0 and a high v indicates large varieties of species, of which some could be underperforming. As a result, v f ss (x, E, m, s) < 0 implies the average growth rate of the total biomass will be low for relatively large values of v. Using the specific growth function, and assuming the stock in the reserve is in steady state, so that y = m 1 − d mr , Eq. (11) becomes:
The model uses moment-approximation methods to capture the dynamics of the macroscopic or aggregate characteristics of a functional group of species in terms of total biomass, average phenotype, and phenotypic variance. In addition, since we have assumed the growth function is logistic, it has a global maximum. Also if there are large varieties of species of which some underperform (i.e., if v is high), the average growth rate of the total biomass will be low. Following Akpalu (2009) and Akpalu and Bitew (2011) , we define the equation of motion of the average phenotype aṡ
where f s (x, E, m, s) is the first order partial derivative of the per capita instantaneous growth rate with respect to s. In Eq. (13), the growth in average phenotype increases in the biomass of fish and increases in phenotypic variance, sincev f s (x, E, m, s) > 0. Thus, having more diverse species has a direct negative impact on total biomass growth and indirect positive impact through the growth in the average phenotype (Akpalu 2009 ). In steady state,ẋ =ṡ = 0 and s = (vx) 1/3 , we have
where x = x (E, m) is obtained by solving for the optimum stock from Eq. (14) . The related profit function is
A plot of the two terms in Eq. (15) is presented as Fig. 3 . From the figure, relatively low values of the reserve size generate critical depensation in the yield function, implying effort levels beyond a given threshold will collapse the stock (the threshold is the point on the curve pZ (E, m 1 ) where the thick and the dash lines meet). This function is represented by the function with the combination of thick and broken lines (i.e., pZ (E, m 1 )). However, the yield function indicates noncritical depensation if m is large enough; meaning the stock within the fishing area is resilient to high effort levels (i.e., pZ (E, m 2 )). Thus the reserve size is a bifurcation term that could preserve or collapse the stock.
Comparing the three profit functions, it is evident that optimum effort levels could be set higher if we ignore the effects of fishing impacts on carrying capacity and phenotypic diversity within the fishing area. The plots of the three cases are presented in Fig. 4 . The compensated yield function (i.e., pZ * (E, m 1 )) is the baseline situation which yields the highest optimum effort for any given m. On the other hand, the critical depensation function (i.e., pZ (E, m 1 )) generates the lowest optimum effort. If the reserve is relatively small, an effort limiting policy may collapse the stock. However if the reserve size is set high enough (i.e., say m 2 so that the corresponding function (E, m 2 ) ), the equilibrium effort may generate lower economic surplus but will not collapse the stock.
Due to the complicated nature of the functional forms, explicit parametric solutions are long, complicated, and devoid of any direct economics intuition. As a result, the optimal values for the three scenarios are calculated and presented in Appendix Table 3 in the Appendix based on some chosen parameter values in Appendix Table 2 , which are derived mostly from studies on anchovies fishing in Ghana.
The results reveal the following: 1. For any given level of phenotypic diversity (i.e., for any given v > 0), the optimum reserve size and fishing effort must be set lower if the impact of fishing on carrying capacity becomes more intense or severe. 2. For any given impact of fishing on carrying capacity (i.e., for a given ε > 0) and given that diversity is positive (i.e., v > 0) -a lower diversity must be accompanied by bigger reserve size but lower fishing effort and harvest in order to maximize economic surplus. 3. If the negative impact of fishing on habitat is increasing and phenotypic diversity is not accounted for (i.e., ν = 0), the equilibrium fishing effort and reserve size that maximize economic surplus have to be set lower.
The first result is consistent with the fact that by reducing fishing pressure on the carrying capacity of the fishing ground, all else equal, the reserve size necessary to guarantee maximum economic surplus should be higher. The second result, which is expected, confirms that if the negative fishing impact on carrying capacity is fixed, but biodiversity is decreasing in the fishing area, all else equal, it is better to set a bigger portion of the management area aside as a reserve. This result is also consistent with findings in the literature, which confirm that reserves should be established to improve marine ecosystems (see e.g., Allison et al. 1998 ). The third result, which builds on the first one, implies that if the diversity in the fishing area remains constant and is equal to zero (i.e., ν = 0; there is no diversity), a higher impact of fishing on the carrying capacity must be accompanied by lower reserve size and lower fishing effort in order to maximize economic surplus. The relative values from the empirical simulations show that the reduction in fishing effort must exceed the reduction in the reserve size.
Clearly, ignoring the negative fishing impact on carrying capacity and diversity could result in over-fishing and a possible stock collapse.
A dynamic model of optimum reserve size
This section provides a dynamic version of the problem discussed earlier since society exists in perpetuity. Moreover, the dynamic version makes it possible to include discounting in the analysis. Suppose the catch is sold in a competitive market, with a unit price of p and the cost of harvest cE. The instantaneous profit function is pσ E x −cE. If all future costs and benefits are discounted at a positive social discount rate of δ, the social planner's optimization problem can be stated as:
subject to Eqs. (17) and (18). That is,
The corresponding current-value Hamiltonian of the program is specified as:
where λ and μ are the shadow or scarcity values of the stock within the fishing area, and the average phenotype respectively. From the maximum principle, the first-order conditions with respect to the flow variables (i.e., fishing effort and reserve size) are denoted by:
The corresponding costate equations are 7 :
Since the fish stock is a renewable resource, the steady state solutions are explored. In steady stateṡ =μ =λ =ẋ = 0 implying the following:
(24)
Like the static case, the preceding results can also be compared to the situations where (1) both fishing impacts on carrying capacity and diversity are ignored, ε = 0 = ν; and (2) fishing impacts carrying capacity, ε > 0, but phenotypic diversity is not accounted for, ν = 0. The parametric solutions are very complicated and difficult to compute and compare; hence we resort to numerical solutions using the parameter values in Table 2 in the Appendix. The results reported in Table 3 in the Appendix show lower optimum reserve sizes, compared to the static scenario in the preceding section. For example, for the benchmark case where the impact of fishing on carrying capacity and phenotypic diversity are ignored, the 5 % discount rate lowers the optimum effort and reserve size by 39 and 24 % respectively. Generally, the trend holds for all levels of fishing impact on carrying capacity and phenotypic diversity. Moreover, the impact of intensified fishing on carrying capacity requires lowering the reserve size and reducing fishing effort levels. Also, as found in the static case, declining species diversity requires bigger reserve size but lower fishing effort. Most importantly, by extending the model to a dynamic setting, and discounting future costs and benefits at a positive rate of 5 %, optimum effort and reserve size become lower, relative to the static case. In addition the density of the stock in the fishing ground is higher. Intuitively, renewable natural resources are better conserved if long-term views on management are taken into account.
Conclusion
Recent studies have found that fishing activities impact species diversity as well as environmental carrying capacity of stocks within fishing areas, which are both negative externalities. These phenomena have been linked to stock depletion and collapse in some parts of the world. On the other hand, marine reserves or protected areas have been found to improve and restore the health of ecological systems. Since setting aside a reserve has an opportunity cost of taking up a portion of a fishing ground, the planner faces a dilemma of deciding how large the reserve should be in order to internalize the externalities and avoid catastrophic collapse. Our study, which sought to address this issue, has found that ignoring the externalities results in overestimating catch potentials and the optimum marine reserve size.
Conversely, if the reserve size is high enough, net economic surplus levels will be low but the stock will not collapse if the fishing impacts are not accounted for. Thus, a reserve size is a bifurcation term that could potentially guarantee the resilience of a fishery. It is imperative that fisheries managers consider a reserve not only as a tool for addressing an overharvesting problem but also as an instrument which could inherently generate multiple dividends.
Furthermore, the results show that, in order to maximize economic surplus from the fishery, fishing efforts and reserve size must be reduced if the impact of fishing on carrying capacity intensifies. This finding has an intuitive appeal: If fishing activities quicken the depletion of a fish stock within a fishing ground, then less fishing effort should be permitted. Moreover, if the effort level is relatively low, then a lower reserve size is necessary to guarantee a maximum economic surplus.
Also, the fisheries manager may have to increase the reserve size and lower the fishing effort if species diversity in the fishing ground is decreasing. This finding supports the claim that marine reserves preserve or improve biodiversity. In situations where fishing impacts are difficult to ascertain, reserve sizes could be set high enough to prevent stock collapse.
Finally, in a dynamic setting where society discounts future costs and benefits at a positive rate, the results show that optimum fishing effort and the reserve size must be set lower, but density of fish within the fishing ground must be kept higher than the static case. Thus, from a sustainability point of view, it is important for fisheries managers to limit current harvest levels in order to maximize the perpetual stream of net benefits from the fishery.
The results from this study provide some general policy directions, but the study is limited due to lack of better empirical data for the analysis. In order to generate the optimal values necessary for policy making in specific situations, it would be very helpful to have further empirical analysis of other specific cases.
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Appendix

Numerical illustration
Our numerical illustration is largely based on data from anchovies fishing in Ghana. The marine fish resources of Ghana include small pelagic, demersal, mollusc and crustaceans, and large pelagic species. The small pelagic species are mainly sardinellas, mackerels and anchovies. The anchovies in the eastern Atlantic Ocean bordering Ghana are known as European anchovies (Engraulis encrasicolus). It is considered one of the most important marine fish species in Ghana contributing up to 25 % of total fish landings (Koranteng 1993 ; also confirmed by data on current landings). In addition to contributing directly to the protein requirement of Ghanaians, the anchovies are used as fish meal and live baits by boats mainly fishing tuna for export. Studies have found that two mitochondrial clades were present in samples taken from the eastern Atlantic (from Ghana to Norway), with the frequency of each clade varying by latitude (Silva et al. 2014) . In recent times, fishing pressure resulting from overcapitalization and the use of very small mesh sizes, is leading to a general decline of the stock.
To obtain some reasonable parameter values, data on catch of anchovies and fishing effort (i.e., number of fishing trips) covering the period of January 2000 to December 2009 (with data for 2007 missing) were used to estimate a simple Gordon-Schaefer type yield function. The function is of the form Y t = a E t + bE 2 t + μ t , where a = σ K and b = − σ 2 K r are parameters to be estimated; and μ t ∼ N 0, σ μ . The average monthly catch is about 40 tons, with a corresponding monthly average fishing effort of 20,600 trips. The standard deviations for catch and effort are 1.49 and 0.19, respectively, which are quite low. The regression results reported in Appendix Table 1 indicate that the line is a good fit, with an adjusted R 2 = 0.94. Furthermore, both coefficients estimated were statistically significant at 1 % level. Since we estimated only two parameters, a and b, it is impossible to recover the three parameters (i.e., σ, K , and r ), hence we borrowed the intrinsic growth rate for anchovies (r = 0.4) from Rowse (2004) and then computed the remainder (i.e., σ, K ). Using these and other parameter values from Appendix Table 2 , the corresponding results are computed and reported in Appendix Table 3 . 8 See Tables 1, 2 and 3. Wald χ 2 (2) (prob > χ 2 = 0.00) 228.24 ***Significant at 1 % level. Fishing effort is measured by the number of fishing trips (scaled down by 10,000); yield is the landing of anchovies (in 10,000 kg) The intrinsic growth rate is taken from Rowse (2004) . The social discount rate, the normalized price of anchovies, phenotypic variance, and severity of fishing on carrying capacity are taken from Akpalu and Bitew (2011) .The values for catchability coefficient and carrying capacity were computed from data on anchovy fishing in Ghana. The dispersion parameter and cost per unit effort were chosen arbitrarily for illustrative purposes only 
